three treatment groups differing based on whether they were fed four times daily (4X, n=29), once daily 142 (1X, n=29), or once every three days (0.33X, n=30) over the month prior to the two-day sampling period.
143
Three fish per treatment group were sacrificed immediately pre-feeding (1100, n=17), 1.5 hours post-144 feeding (1230), 3 hours post-feeding (1400), 5 hours post-feeding (1600, n=17 ), and 9 hours post-feeding (Table S1 ). Microbiome composition in water and food samples differed 156 significantly from that of the fish intestine (PCoA, ANOVA, P<0.05; Figure S1 ). More than 90% of 157 sequences in the water (across all replicates) were identified as belonging to the bacterial Families Figure S1 ). Many groups, notably Vibrionaceae, were detected in 164 both the intestine and food samples (see below). Alpha diversity (Shannon index) did not differ 165 significantly among water, food, and fish samples (fish vs. water vs. food, all samples combined).
167
Fish microbiome composition and alpha diversity during the two-day diel sampling period did not differ 168 among samples grouped based on feeding treatment (4X, 1X, or 0.33X daily feedings in the month prior 169 to sampling; Figure S3 ). Furthermore, no ESVs were detected as differentially abundant among feeding 170 groups. Similarly, no differences were observed when analyzing only samples from the first time point 171 (pre-feeding, 1100) on day 1 of the diel sampling, prior to the synchronization of feeding schedules for 172 the diel sampling, and presumably the point at which the intestinal communities of different groups would 173 be most affected by prior feeding regime.
175
In contrast, microbiomes varied significantly among samples grouped based on time of day during the 176 two-day diel sampling period, irrespective of feeding frequency treatment in the prior 30 days ( Figure 1A , 
186
Average alpha diversity (Shannon index) also varied significantly based on sampling time, being lowest 187 immediately pre-feeding at 1100, increasing by over 2-fold by 1.5 hours post-feeding (1230), and then 
193
Diverse microbial groups fluctuated in abundance over the two-day sampling ( Figure S4 , Table S2 Figure 1B) ; however, this variation was not statistically significant (P>0.05) based on 197 analysis of composition of microbiomes (ANCOM, Mandal et al. 2015) . ANCOM analysis, however, 198 identified 57 ESVs whose abundance varied significantly based on time (Table S2 ). Almost all of these 199 (55 of 57) increased markedly in representation from pre-feeding (1100) to 1.5 hours post-feeding (1230).
200
Remarkably, an ESV identified as Photobacterium sp. increased from <0.5% of amplicons in pre-feeding 201 samples to 34% of amplicons during this period ( Figure 1B ; Table S2 ). Its abundance peaked at 1400, 202 and then decreased sharply over the remaining time points. Other significantly varying ESVs that 203 followed the same trend, but were less abundant, included unclassified members of the Vibrionaceae and 204 diverse members of the phylum Firmicutes; roughly one-third of the significantly varying ESVs were 205 identified as bacteria of the class Bacilli (Firmicutes), with all but one of these showing multi-fold 206 increases in representation from the 1100 to 1230 time point (Table S2) . A smaller number of 207 significantly varying ESVs showed the opposite trend, decreasing in representation after feeding. These 208 included ESVs of the Firmicutes genus Streptococcus and unclassified members of the order 209 gammaproteobacterial order Alteromonadales (Table S2 ).
211
Of the 57 significantly varying ESVs, all but one were also detected in the food, albeit at relatively low 212 proportional abundance (Table S2 ). Food-associated ESVs included the intestinally abundant 213 Photobacterium sp. ESV, which comprised ~2% of food sequences. In contrast, the most dominant food-214 associated sequences (>10%), belonging to the Cyanobacteria ( Figure S2 Table S3 ). Functions predicted to be enriched in the fed state included those 224 associated with bacteria-bacteria or bacteria-host interactions, including bacterial invasion of epithelial 225 cells, infection by Vibrio, secretion, motility, and chemotaxis. In contrast, unfed time points were 226 dominated by anabolic and catabolic functions ( Figure 4 , Table S3 ). Of the top 50 predicted functional 227 categories that were significantly enriched in the unfed time points, 76% (38/50) were classified broadly 228 as metabolism, degradation, or biosynthesis, including those for amino acid metabolism, fatty acid classification). Within these SEED pathways, a total of 267 genes showed differential transcription 240 between fed and unfed samples (p<0.05, DESeq, Table S5 ). Of the top 100 most differentially 241 transcribed genes (based on adjusted p-value), 62 were at higher abundance in the unfed state ( Figure 5 ).
242
Consistent with the metagenome predictions, unfed transcriptomes were enriched in functions associated with metabolism, notably carbohydrate and amino acid metabolism. Over one third of the genes most 244 enriched in the unfed transcriptomes were associated with diverse steps of carbohydrate utilization 
249
In contrast, fed state transcriptomes were enriched in genes of DNA metabolism. This included several 250 genes associated with CRISPR defense systems to cope with foreign DNA, as well as genetic elements 251 associated with recombination ( Figure 5 ).
253

DISCUSSION
255
We used a popular and commonly bred marine aquarium species, the clownfish Premnas biaculeatus, as a 256 model to explore how feeding events and feeding frequency alter the gut microbiome. Quantifying 257 microbiome changes over the short time frame of a feeding and digestive cycle is critical for evaluating if 258 microbiome studies should standardize sampling around feeding schedules, characterizing microbiome 259 stability, distinguishing resident microbiome members from transient ones, and determining the extent to 260 which the microbiome can be shaped by changes in feeding strategy independent of diet type.
262
In our experiment, gut microbiome composition and predicted metabolic function varied significantly 263 over a 24-hour cycle (evaluated over two days). This cycle included one feeding event per day, and the 264 most substantial changes in microbiome composition were evident when samples were grouped in 265 relation to this event ("fed" vs "unfed"). Microbiome alpha diversity also spiked after feeding, suggesting 266 that new microbes were introduced via food or that feeding changed the growth dynamics of resident 267 microbes, or both. These patterns implicate feeding, rather than other host diel rhythms, as the primary 268 driver of microbiome change over short (hourly) timescales in our experiment. In contrast, microbiome communities, when analyzed at the start of the two-day diel sampling period did not group based on the 270 frequency of feeding over the prior 30 days, suggesting that prior feeding frequency did not have a lasting 271 restructuring effect on the microbial community.
273
Variation in microbiome composition over the diel period was driven largely by individual sequence 274 variants, notably a member of the gammaproteobacterial genus Photobacterium. Its abundance in the 275 intestine increased from near zero immediately before feeding to over one third of all sequences 1.5 hours 276 post-feeding. This ESV was present in the food and therefore its post-feeding increase may be due to the 277 arrival of new cells in the intestine, a process consistent with the observed post-feeding increase in alpha 278 diversity. However, feeding also may have stimulated growth of cells already in the intestine. Indeed,
279
Photobacterium species are common in fish microbiomes (30,31). Some species are pathogens, while Photobacterium sequence abundance after feeding is significant and implicates this taxon as an 286 opportunistic member of the gut whose abundance and activity are closely linked to food availability.
287
Indeed, the genus has been suggested to play a role in fish digestion, potentially by aiding the breakdown 288 of chitin (36,37,38). Follow-up experiments that vary the chitin content of the diet could be used to test a 289 linkage between Photobacterium population oscillations and chitin metabolism.
291
Other ESVs also fluctuated dramatically over the diel period but were less abundant (typically <0.5%).
292
Like Photobacterium, the majority of these bacteria were also detected at low abundance in the food, 293 barely detectable in pre-feeding samples, and spiked in representation immediately post-feeding (1230).
294
Many of these taxa were members of the phylum Firmicutes, including diverse genera of lactic acid bacteria (LAB; order Lactobacillales) such as Lactobacillus, Vagococcus, Leuconostoc, and 296 Streptococcus (Table S2 ). LAB are common in vertebrate gut microbiomes, including of fishes in which 297 Lactobacillus diversity in particular has been shown to be highly responsive to diet shifts (39,40). In 298 mammalian systems, LAB have been shown to vary in abundance during feeding and non-feeding phases, 299 although the nature of this variation was taxon-specific and varied depended on the timing (frequency) of 300 feeding and also on diet type (11). LAB, and Firmicutes in general, are thought to be important to host 301 carbohydrate metabolism through fermentation and have been associated with efficient dietary energy 302 harvest (41,42,43); we hypothesize that LAB are likely playing a similar role in fermentation and energy 303 extraction in the clownfish gut, although the specific dietary compounds supporting LAB catabolism in 304 this system remain to be identified. Our findings corroborate prior evidence suggesting that LAB are 305 among the most responsive to feeding, with many taxa showing a positive response, a factor that may also 306 contribute to their role in energy extraction from food.
308
The post-feeding spike in abundance of Photobacterium and other diverse ESVs, coupled with their 309 detection in the food, implicate microbial attachment to food as a major determinant of intestinal 310 microbiome composition. However, other taxonomic groups that were much more abundant in the food 311 (e.g., Pseudoalteromonas, diverse Cyanobacteria; Figure S4 ) were not among those showing significant 312 diurnal variation in the intestine microbiome. This suggests that the observed post-feeding spikes by 313 certain intestinal microbes were not due exclusively to the influx of dead cells or DNA. Rather, microbes 314 such as Photobacterium or LAB may be adept at both surviving passage through the stomach and 315 exploiting the intestinal environment for growth, at least in the short term. It is also possible that these 316 taxa are taking advantage of metabolites produced by other microbes or that the introduction of food 317 provides them a competitive advantage by altering physical conditions or promoting growth-limiting 318 factors like phages. Further work is needed to assess how the abundance and metabolism of these feeding-
319
responsive taxa may vary with diet, including in omnivorous hosts such as Premnas biaculeatus, and to 320 what extent these taxa persist in the intestine without regular input of new food-associated cells.
322
Other taxa, some of which were highly abundant, exhibited less dramatic fluctuation over the diel period 323 and were not detected in the food. An ESV most closely related to the Firmicutes bacterium Clostridium 324 perfringens dominated (>50%) the intestinal microbiomes in the unfed stages and also remained abundant 325 after feeding. Clostridium bacteria are common in the intestine of fishes (31,44,45) and other vertebrates,
326
including in humans where this genus has been associated with mucus scavenging (46) and in mice where 327 Clostridium has been shown to vary over a daily cycle (7, 11). These diverse fermenters are some of the 328 first taxa to colonize human infants, are believed to localize to particular epithelial cells in the colon, and 329 are important to colonic health by producing butyrate as an energy source for colonocytes (47). In 330 herbivorous fishes, Clostridium species have been associated with potentially beneficial roles in vitamin 331 and fatty acid synthesis (48) and the production of metabolic enzymes for catabolism (49). Species such 332 as C. perfringens are common food-born pathogens in humans and have been found previously in diverse 333 fishes (e.g.,50,51). In our study, the proportional representation of C. perfringens was undoubtedly 334 influenced by swings in taxa such as Photobacterium that increased rapidly after feeding (and vice versa).
335
However, the overall high representation of C. perfringens at both fed and unfed time points suggests that 336 this taxon may be physically associated with the intestinal lining, rather than the transitory stool.
337
Association with the intestinal mucosal epithelium would be consistent with the mucolytic capabilities 338 observed previously in Clostridium (52) and may suggest Clostridium as a comparatively persistent 339 microbiome member across changes in diet or food availability.
341
Significant changes in community composition over the feeding cycle coincided with differences in 342 predicted gene content and gene transcription in the fed and unfed states. The results were generally 343 consistent between analyses, with time points immediately after feeding enriched in pathways involved in 344 bacterial secretion systems, pathogen interaction with hosts, cell motility, and coping with foreign DNA 
357
These results suggest that the period shortly after feeding may be a time of increased bacteria-bacteria and 358 bacteria-host interaction. The movement of food into the intestine may stimulate bacteria living in 359 association with the host mucus layer to mobilize and attach to food particles. These early responders 360 therefore may be those cells best equipped to navigate a dynamic and spatially structured environment.
361
Some of these are likely already resident in the intestine, although perhaps at low proportional abundance.
362
However, our results suggest that feeding also serves as the major inoculation event through which new 363 cells enter the system and potentially try to establish residence, a process that would presumably also be 364 characterized by social interactions, attachment, and motility. 365 366 CONCLUSIONS 367 368 These results confirm that feeding is a major restructuring force in intestinal microbiomes over a short 369 timeframe (hours). This restructuring involves swings in proportional abundance that differ among 370 microbial types, likely due to differences in metabolic and spatial niche (for example, attachment to food 371 versus residence in an intestinal epithelial biofilm), and potentially also interactions among neighboring 372 microbes. The patterns reported here identify taxa to target for comparisons of how opportunistic, 373 feeding-responsive microbes of the intestine differ ecologically from more persistent, and potentially 374 commensal, members. The large post-feeding changes involving food-associated microbes indicate high 375 connectivity between external and intestinal microbial pools. Animals rarely if ever consume sterile food, 376 even in captivity, and also exhibit significant variation in feeding schedule. This variation should be 377 addressed in comparative microbiome studies, particularly those involving wild animals or small numbers 378 of replicates, but also those focused on model systems (e.g., gnotobiotic mice). Indeed, a growing body 379 of evidence, including from this study, suggests that the vertebrate gut microbiome can exhibit significant 380 short-term fluctuation. Sampling a microbiome at different points relative to the last feeding event will 381 therefore likely yield different conclusions about microbiome composition and function. Aquatics. During acclimation, fish were fed once daily at 1100. Following acclimation, fish were equally 391 divided into 12 identical, 10-gallon tanks, all of which were connected to the same recirculating water 392 system. Individual tanks were randomly assigned to one of three treatment groups based on feeding 393 frequency: a 4x treatment with feeding of 2.1 mg of food per fish 4 times daily at 0800, 1100, 1600, and 394 2000; a 1x treatment with feeding of 8.4 mg of food per fish once daily at 1100; and a 0.33x treatment 395 with feeding of 25 mg of food per fish once every 3 days at 1100. While we could not verify the actual 396 amount of food eaten per fish, the amount of food applied per feeding in the 0.33x treatment was 397 consumed entirely (the food was buoyant, allowing us to track consumption), indicating that this amount 398 did not exceed the maximum clearance rate of each fish group. The feeding treatments were administered for 30 days and water quality was monitored daily. Samples of the tank water microbiome were 400 collected from each treatment at the midpoint and end of the experiment by filtering 1 L of water onto 0.2 401 μm 25 mm disc filters (n=3 per time point per treatment). Samples (n=3) to analyze microbes in the food 402 were collected at the end of the experiment. A subset of fish (n=6) were sacrificed before initiating PICRUSt. Functional predictions based on KEGG categories were made via the predict_metagenomes.py 468 command and collapsed at the 3 rd hierarchical level using the categorize_by_function.py command.
469
Predicted functional categories that differed in abundance between feeding treatments and sampling time 470 points were identified using DESeq2 in R.
472
For ease of comparison and because taxonomic analysis showed high similarity among post-feeding time 473 points, samples were grouped into "fed" (1230, 1400, and 1600) and "unfed" (1100 and 2000) categories.
474
The "unfed" grouping is presumed to include time points at which most of the ingested food has left the 475 stomach; however, it is estimated to take ~36 hours for food to completely pass through the clownfish intestine (61). Therefore, it is likely that all samples contained some amount of food regardless of 
